INTRODUCTION {#sec1-1}
============

The need to achieve a tension-free repair in peripheral nerve surgery has led to the accepted standard of nerve grafting. However, the associated morbidities and suboptimal clinical results provide a compelling reason to search for alternatives. Inert conduits avoid both the problems inherent in harvesting a nerve for autograft and the potential nerve compression and irritation found with some resorbable synthetic grafts. Allowing to grow through conduits, and thus to be subject to the neurotrophic guidance cues that collect there, may ultimately allow more precise alignment of fascicles and thus better functional recovery in comparison to primary nerve repair or nerve autograft. These conduits appear to offer significant advantages including improved regeneration when compared with traditional repair and are currently available for use clinically. Incorporating neurotropic and neurotrophic factors into conduits are encouraging and likely playing a prominent role in peripheral nerve repair.\[[@ref1]\]

Regenerating axons react to a host of molecular cues in the local environment. Several attempts have been made to overcome the length restrictions inherent in other synthetic tubes using tissue engineering to combine the advantages of neurotrophic and neurotropic substances that are known to support or enhance axonal growth with the benefits of tubulization. Combining synthetic tubes with biological factors known to encourage and hasten nerve growth an active part of research. Several neurotrophic factors such as brain-derived neurotrophic factor, nerve growth factor, basic fibroblast growth factors-1 and 2, neurotrophin-3, ciliary neurotrophic factor, insulin like growth factor-1, interlukin-1 and transforming growth factor have demonstrated capability to promote axonal growth *in vitro*.\[[@ref2]\]

Neurotrophic factors are a family of growth factors that support and influence the growth and regenerative capacity of neurons. These substances are produced by a number of tissues during development and direct the formation of the brain and spinal cord and their connections to target organs such as muscle.\[[@ref3][@ref4][@ref5]\] It has already been suggested that platelet-derived growth factor (PDGF) plays an important role in both the developing and mature mammalian central nervous system (CNS), although PDGF is thought primarily to be a mitogen for mesenchymally derived cells. PDGF and its receptors have been found to be expressed abundantly in both the central and peripheral nervous system.\[[@ref6][@ref7][@ref8][@ref9]\] PDGF is a growth regulatory molecule with diverse functions that play critical roles in the development of kidney and neural crest-derived cells.\[[@ref10][@ref11]\] PDGF exerts activity by binding to specific high-affinity cell surface receptors. Two receptor subunits have been identified that can form mature dimeric receptor complexes: α-subunit, which can bind to the A- or B- and C-chain of PDGF; and the β-subunit, which can bind to the B-, C- and D-chain.\[[@ref12][@ref13][@ref14][@ref15][@ref16][@ref17]\]

To the best knowledge of the authors, the literature is poor regarding the local effect of PDGF on transected nerve repair *in vivo*. Aimed to study local effects of PDGF on nerve regeneration, a study was designed to attempt to determine if PDGF do in fact reduce dysfunction after nerve injury in the rat sciatic nerve transection model. Assessment of the nerve regeneration was based on behavioral, functional (walking track analysis) and muscle mass measurement and histopathological criteria within 12 weeks after surgery.

MATERIALS AND METHODS {#sec1-2}
=====================

Experimental design {#sec2-1}
-------------------

Forty-five male, white Wistar rats weighing approximately 280 g were divided into three experimental groups (*n* = 15), randomly: Normal control group (NC), silicone control group (SIL), and PDGF-treated group (SIL/PDGF). Each group was again subdivided into three subgroups of five and surveyed in 4, 8, and 12 weeks. Two weeks before and during the entire experiments, the animals were housed in individual plastic cages with an ambient temperature of 23°C ± 3°C, stable air humidity, and a natural day/night cycle. The rats had free access to standard rodent laboratory food and tap water.

Grafting procedure {#sec2-2}
------------------

Animals were anesthetized by intraperitoneal administration of ketamine-xylazine (ketamine 5%, 90 mg/kg and xylazine 2%, 5 mg/kg). All procedures followed a standard microsurgery technique under a magnifying lenses (BIO-ART EQUIPMENTOS ODONTOLOGICOS LTDA, Sao Carlos/SP- Brasil). The procedures were carried out based on the guidelines of the Ethics Committee of the International Association for the Study of Pain.\[[@ref18]\] The University Research Council approved all experiments.

Following surgical preparation in the NC group the left sciatic nerve was exposed through a gluteal muscle incision and after careful hemosthasis, the muscle was sutured with resorbable 4/0 sutures and the skin with 3/0 nylon. In the SIL group, the left sciatic nerve was exposed through a gluteal muscle incision and transected proximal to the tibio-peroneal bifurcation where a 7 mm segment was excised, leaving a gap about 10 mm due to retraction of nerve ends. Proximal and distal stumps were each inserted 2 mm into a silicone tube, and two 10/0 nylon sutures were placed at each end of the cuff to fix the tube in place and to leave a 10-mm gap between the stumps. The conduit was filled with 10 μL the phosphate buffered saline and sterile Vaseline was used to seal the ends of the tubes to avoid leakage. In the SIL/PDGF group, the conduit was filled with 20 μL PDGF (Sigma-Aldrich Chemie GmbH, Germany) solution (0.5 ng/mL) diluted with normal saline. Others used dosage of 5 mg/kg for PDGF in systemic administration. In local application, we used a reduced dosage (0.5 ng/mL) in our study design.\[[@ref19]\] The animals were anesthetized (see above) and euthanized with transcardial perfusion of a fixative containing 2% paraformaldehyde and 1% glutaraldehyde buffer (pH 7.4) 4, 8, and 12 weeks after surgery.

Behavioral testing {#sec2-3}
------------------

Functional recovery of the nerve was assessed using the Basso, Beattie, and Bresnahan (BBB) locomotor rating scale for rat hind limb motor function.\[[@ref20]\] Although BBB is widely used to assess functional recovery in spinal cord injured animals; however, it has been demonstrated that it could be most useful in the assessment of never repair processes in peripheral nerve injuries.\[[@ref21]\] Scores of 0 and 21 were given when there were no spontaneous movement and normal movement, respectively. Then, BBB recordings were performed by a trained observer who was blinded to the experimental design. The testing was performed in a serene environment. The animals were observed and assessed within a course of a 4-minute exposure to an open area of a mental circular enclosure. After that, BBB scores were recorded once before surgery to establish a baseline control and again weekly thereafter to assess functional recovery during 16 weeks.

Functional assessment of reinnervation {#sec2-4}
--------------------------------------

### Sciatic functional index {#sec3-1}

Walking track analysis was performed 4, 8, and 12 weeks after surgery based on the method of others.\[[@ref22]\] The lengths of the third toe to its heel (PL), the first to the fifth toe (TS), and the second toe to the fourth toe (IT) were measured on the experimental side (E) and the contralateral normal side (N) in each rat \[[Figure 1](#F1){ref-type="fig"}\]. The sciatic function index (SFI) of each animal was calculated by the following formula:

SFI = −38.3× (EPL-NPL)/NPL + 109.5× (ETS-NTS)/NTS + 13.3× (EIT-NIT)/NIT − 8.8

In general, SFI oscillates around 0 for normal nerve function, whereas around − 100 SFI represents total dysfunction. SFI was assessed in the NC group, and the normal level was considered 0. SFI was a negative value and a higher SFI meant the better function of the sciatic nerve.

![Quantitative analysis of walking the track. The pattern of platelet-derived growth factor treated rats (a) and normal rats (b). Paw prints in platelet-derived growth factor treated rats 8 weeks after surgery with for designated measurements: Toe spread, print length, intermediate toe spread. E: Experimental, N: Normal. Note the elongation of the print length and narrowing of toe spread and intermediate toe spread in operated limb (left).](DRJ-13-225-g001){#F1}

### Measurement of gastrocnemius muscles mass {#sec3-2}

Recovery assessment was also indexed using the weight ratio of the gastrocnemius muscles 16 weeks after surgery. Immediately after sacrificing of animals, gastrocnemius muscles were dissected and harvested carefully from intact and injured sides and weighed while still wet, using an electronic balance \[[Figure 2](#F2){ref-type="fig"}\]. Two independent observers unaware of the analyzed group made all measurements.

![Gastrocnemius muscles dissected and harvested from injured sides. Note to the lesser mass of gastrocnemius muscle of silicon group (a) and silicon group/platelet-derived growth factor (b) groups compared to that of normal control group (c) 12 weeks after surgery.](DRJ-13-225-g002){#F2}

### Histological preparation and morphometric studies {#sec3-3}

Midpoint of normal sciatic nerve NC group regenerated nerve of SIL group and regenerated nerves of SIL/PDGF group were harvested and fixed with glutaraldehyde 2.5%. The grafts were then embedded in paraplast paraffin, cut in 5 μm and were next stained with toluidine blue. Morphometric analysis was performed using an image analyzing software (Image-Pro Express, version 6.0.0.319, Media Cybernetics, Silver Springs, MD, USA). Morphometric analysis was carried out using an image analyzing software (Image-Pro Express, version 6.0.0.319, Media Cybernetics, Silver Springs, MD, USA). Equal opportunity, systematic random sampling, and two-dimensional dissector rules were followed to cope with sampling-related, fiber-location-related and fiber-size related biases.\[[@ref23]\]

Statistical analysis {#sec2-5}
--------------------

Experimental results were expressed as means ± standard deviation (SD). Statistical analyses were performed using PASW 18.0 (SPSS Inc., Chicago, IL, USA). Model assumptions were evaluated by examining the residual plot. Results were analyzed using repeated measures and a factorial ANOVA with two between-subjects factors and. Bonferroni test for pairwise comparisons was used to examine the effect of time and treatments. The differences were considered significant when *P* \< 0.05.

RESULTS {#sec1-3}
=======

Basso, Beattie, and Bresnahan recovery {#sec2-6}
--------------------------------------

To assess hind limb recovery the open field locomotor was used. [Figure 3](#F3){ref-type="fig"} shows BBB scores compared to the baseline. All experimental groups, except for NC, showed the greatest degree of functional deficit 1 week after surgery. The PDGF-treated group showed significant improvement in locomotion of the operated limb compared to the control group during the study (*P* \< 0.05).

![Basso, Beattie, and Bresnahan score for all experimental groups. Local administration of platelet-derived growth factor with silicon grafting gave better scores than in silicon group. Standard error at each data point is shown with bars. \**P* \< 0.05 versus silicon group. Data are presented as mean ± standard deviation.](DRJ-13-225-g003){#F3}

Recovery of sciatic nerve function and reinnervation {#sec2-7}
----------------------------------------------------

### Sciatic function index outcome {#sec3-4}

[Figure 4](#F4){ref-type="fig"} shows SFI values in experimental groups. Before surgery, SFI values in both groups were near zero. After the nerve transection, the mean SFI decreased to −100 due to the complete loss of sciatic nerve function in all animals. At the end of the study, animals of SIL/PDGF achieved a mean value for SFI of −38.3 ± −3.25, whereas in control group a mean value of −57.2 ± −3.5 was found. The statistical analyses revealed that the recovery of nerve function was significantly (*P* \< 0.05) different between SIL and SIL/PDGF groups and administration of PDGF improved functional recovery in the course of time.

![Diagrammatic representation of effects on the sciatic nerve function index in each experimental group during the study period. Statistically significant improvement (*P* \< 0.05) was observed in functional recovery of the sciatic nerve in platelet-derived growth factor treated animals at the end of the study period. \**P* \< 0.05 versus silicon group. Data are presented as mean ± standard deviation.](DRJ-13-225-g004){#F4}

Gastrocnemius muscles mass measurement {#sec2-8}
--------------------------------------

The mean ratios of gastrocnemius muscles weight were measured. There was statistically significant difference between the muscle weight ratios of SIL/PDGF and SIL groups (*P* \< 0.05). The results showed that in SIL/PDGF group muscle weight ratio was bigger than SIL group, and the gastrocnemius muscle weight loss was improved by administration of PDGF \[[Figure 5](#F5){ref-type="fig"}\].

![Measurement of gastrocnemius muscle mass. The gastrocnemius muscles of both sides (operated left and unoperated right) are excised and weighed in the experimental groups at 12 weeks after surgery, \**P* \< 0.05 versus silicon group. Data are presented as mean ± standard deviation.](DRJ-13-225-g005){#F5}

Histological and Morphometric findings {#sec2-9}
--------------------------------------

The animals of SIL/PDGF group presented significantly greater nerve fiber, axon diameter, and myelin sheath thickness during the study, compared to SIL animals (*P* \< 0.05). NC group presented significantly greater nerve fiber and axon diameter, and myelin sheath thickness compared to SIL/PDGF and SIL groups animals \[[Table 1](#T1){ref-type="table"} and [Figure 6](#F6){ref-type="fig"}\].

![Light micrograph of representative cross section taken from the midpoint of (a) normal sciatic nerve (normal control group), (b) silicon group and (c) silicon group/platelet-derived growth factor groups 12 weeks after surgery (Toluidine blue staining, ×400).](DRJ-13-225-g006){#F6}

###### 

Morphometric analyses of sciatic nerve in each of the experimental groups: Values are given as mean±SE

![](DRJ-13-225-g007)

DISCUSSION {#sec1-4}
==========

The results of this study showed that administration of PDGF resulted in the faster functional recovery of the sciatic nerve during the study. We used silicone tube as a scaffold for keeping the delivered drug *in situ* and also preventing the surrounding connective tissue migrating into the gap and proliferating there. Selectiing an appropriate method to evaluate functional recovery of nerve regeneration is extremely influential. Although both morphological and functional data have been used to assess neural regeneration after induced crush injuries, the correlation between these two types of assessment is usually poor.\[[@ref24][@ref25][@ref26]\] We did not perform nerve conduction tests because electrophysiological studies have poor correlation with functional indices.\[[@ref27]\] Nerve conduction velocity and the peak of the action potential amplitude do not evaluate total nerve function but a fraction of nerve fibers population. A compound action potential is derived from extrinsic direct nerve excitation and does not correlate with proper central or peripheral connections.\[[@ref26]\] Classical and newly developed methods of assessing nerve recovery, including histomorphometry, retrograde transport of horseradish peroxidase and retrograde fluorescent labeling do not necessarily predict the reestablishment of motor and sensory functions.\[[@ref25][@ref26][@ref28][@ref29][@ref30]\] Although such techniques are useful in studying the nerve regeneration process, they generally fail in assessing functional recovery.\[[@ref25]\] Therefore, research on peripheral nerve injury needs to focus on functional assessment. Castañeda and Kinne,\[[@ref30]\] suggested that arrival of sprouts from the proximal stump at the distal nerve stump does not necessarily imply recovery of nerve function. Information taken from BBB scale may be invaluable in the evaluation of peripheral nerve process. Results of this study showed that the PDGF-treated animals had been improved in locomotion of the operated limb compared to the SIL group during the study. Walking track analysis has frequently been used to reliably determine functional recovery following nerve repair in rat models.\[[@ref20][@ref22]\] Left gastrocnemius muscle weight was significantly greater in the SIL/PDGF group than in the SIL group, indicating indirect evidence of successful end organ reinnervation in the PDGF-treated animals.

In the histological studies, quantitative morphometrical indices of regenerated nerve fibers showed a significant difference between SIL/PDGF and SIL groups indicating a beneficial effect of local PDGF on the nerve regeneration. Regarding better functional and morphometric indices in group SIL/PDGF versus group SIL at week four, it could be stated that local administration of PDGF accelerated the process of nerve regeneration, and its local application was time saving.

Schwann cells, the glial cells of the peripheral nervous system, surround all peripheral nerve axons, and in the case of myelinated nerve fibers, elaborate the myelin sheaths necessary for fast impulse conduction. There are many important developmental and functional interactions between Schwann cells and axons.\[[@ref31]\] A major rate-limiting step in the induction of nerve regeneration across a gap is the proliferation and migration of Schwann cells between the nerve stumps. Therefore, the formation of a properly aligned extracellular matrix scaffold is essential to enhance Schwann cell proliferation in a conduit, through which blood vessels and other cell types migrate and form primordial assembly for the formation of a new nerve structure.\[[@ref32]\]

We used a silicone rubber chamber as a conduit to provide a scaffold for PDGF and to facilitate Schwann cells migration. The silicone as a conduit has been utilized to repair segmental nerve tissue loss which proved to be a supportive conduit for peripheral nerve axonal regeneration and maturity.\[[@ref2]\] If the nerve is injured, through mechanical trauma, neurotoxins or demyelinating diseases for example, Schwann cells again proliferate to restore the integrity of the Schwann cell sheath and aid regeneration of functional nerve fibers.\[[@ref33]\] Attempts to define the factors involved in Schwann cell proliferation have revealed positive responses by various types of Schwann cell in culture to a range of mitogens including PDGF. It has been established that PDGF, particularly the B isoform, is a potent mitogen for cultured rat Schwann cells following induction of Schwann cell PDGF receptor expression by forskolin.\[[@ref31][@ref34]\] PDGF-B is a developmentally regulated Schwann cell paracrine growth factor in rat sciatic nerves.\[[@ref35]\] PDGF-B is augmented in peripheral nerve injury and could act on Schwann cells and neuronal components to induce peripheral nerve regeneration after injury. And also its intimate localization to axon and ensheathing Schwann cells both in normal and in restored nerve structure after injury, might suggest that PDGF-B could mediate important signals in the axon-Schwann cell interaction. PDGF-B is widely expressed in CNS neurons and Schwann cells. Its functional analysis should provide further clues to the manner of introducing regenerative responses to the nervous system.\[[@ref36]\]

Even though our preliminary study shows the neuroprotective action of local PDGF-B in peripheral nerve injuries, determining the molecular mechanisms leading to the neuroprotective action remains in the need of more investigation. We have not given the histological and molecular evidence for neuroprotective action of PDGF-B. This may be considered as a limitation to our study. Therefore, the authors stress that the aim of the current investigation was to evaluate clinical treatment potential of PDGF-B on nerve regeneration including functional assessments of the nerve repair, a matter not considered in previous studies. The results of this study indicated that administration of PDGF-B combined with silicone entubulization could be of benefit after sciatic nerve transection. Detailed mechanism of neuroprotective action remains to be investigated. The experimental model presented here is reproducible, and the behavioral and functional methods could be effectively used for the study of local effects of neurotrophics combined with guidance conduits.

CONCLUSION {#sec1-5}
==========

This study demonstrated that local administration of PDGF combined with silicon grafting could accelerate functional recovery after nerve transection in sciatic nerve and may have clinical implications for the surgical management of patients after nerve transection. Thus, dose-response studies should be conducted for PDGF to determine the combination of the graft and the compound that achieve maximal efficacy in facial nerve transection models.
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